This invention is based on the discovery that the type II TGFB receptor (RII) is a cancer Suppressor gene which is genetically inactivated (mutated) in approximately 25% of colon cancers, including nearly all colon cancers of the class identified as mutator/microsatellite instability/RER. Meth ods are provided for detecting inactivation of RII for use in cancer diagnosis or prognosis.
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The TGFB growth inhibitory signal is transduced through two receptors, type I (RI) and type II (RII) which function as a heteromeric complex (Lin, et al., 1992, Cell, 68:775; Moustakas, A., et al., 1993, J. Biol. Chem., 268:22215; Wrana, J., et al., 1992 , Cell, 71:1003 .
SUMMARY OF THE INVENTION
It is an object of this invention to provide a method for diagnosis or prognosis of cancer by detection of the absence of functional TGFB receptor RII in cells of a patient.
It is another object of this invention to provide a nucle otide Sequence encoding a mutant form of RII, to provide mutant RII protein and to provide antibodies Specifically immunoreactive with mutant RII.
It is yet another object of this invention to provide therapeutic methods for treating tumors having inactive RII by replacement gene therapy. It is still another object of this invention to provide immunogenic compositions which elicit antibodies Specifi cally reactive with cells expressing mutant forms of RII. These and other objects are provided by one or more of the following embodiments.
In one embodiment, this invention provides a diagnostic method to aid in predicting prognosis of a colon or gastric cancer patient comprising determining the quantity of func tional type II receptor for TGFB (RII) in cells from tumor tissue of the patient, and comparing the quantity of RII in tumor cells to the quantity of RII in non-neoplastic cells of the patient, reduced RII in the tumor cells being indicative of altered prognosis. In a particular embodiment, this inven tion provides a Screening method to aid in classifying tumor cell phenotype in a patient comprising determining the presence or absence of functional RII receptor for TGFB in tumor tissue from the patient, the absence of functional RII being indicative of carcinoma with replication errors (RER phenotype). The Screening method is preferably applied to tumor tissue from endometrial cancer, ovarian cancer, gas tric cancer, or pancreatic cancer, most preferably to colon CCC. In another embodiment, this invention provides a method to aid in diagnosing cancer in a patient comprising detecting, in the patient, a non-functional mutant form of a growth regulatory gene, where in the growth regulatory gene encodes a type II receptor which is a member of a family of serine/threonine receptors which bind members of a family of TGFB-like factors or the wild-type of the growth regu latory gene contains repetitive DNA sequence motifs in the coding region, presence of the non-functional mutant form of the growth-regulatory gene being indicative of tumor tissue or precancerous lesions in the patient. In a particular embodiment, this invention provides a Screening method to aid in diagnosing cancer in a patient comprising determining the presence or absence of functional RII receptor for TGFB in tissue from the patient, the absence of functional RII being indicative of tumor tissue or precancerous lesions in the patient. In a particular embodiment, the Screening method comprises determining the presence or absence of mutant forms of RII receptor for TGFB, preferably mutant forms of RII encoded by RII cl)NA altered by a mutation Selected from the group consisting of a two base pair insertion of GT which occurs in a six base pair repeat sequence GTGTGT at nucleotides 1931-1936 of the normal RII Sequence, deletion of one A base pair from a ten base pair poly A sequence at nucleotides 709 to 718 of the normal RII Sequence, deletion of two A base pairs from a ten base pair poly A sequence at nucleotides 709 to 718 of the normal RII Sequence, and addition of one or two A base pairs into the ten base pair poly A sequence at nucleotides 709-718 of the normal RII Sequence. RII mutations arising from addi tion or deletion of one or two A bases within the poly A sequence at nucleotides 709-718 encode truncated RII related proteins that contain the RII ligand binding domain but lack the RII membrane anchoring domain so that they will be secreted from the cell into the blood.
Mutant RII may be detected by assays performed on Samples from the patient which may be samples from tumor or normal tissue or Samples of biological fluids, including Serum, plasma, effusions, ascites, urine, Stool, cerebroSpinal fluid, Semen, breast aspirates and fluids of Ovarian origin. Suitable assays include immunoassay using antibodies reac tive with mutant RII or by assays sensitive to DNA or RNA Sequence. Truncated Secreted mutant RII proteins may be detected by their ability to bind to TGFB. Mutant RII proteins may be detected by TGFB binding to soluble 3 proteins or abnormally sized proteins or reaction of Such a soluble protein with antibody specific for the external domain of wild type RII. Alternatively, the presence of mutant RII in a patient may be detected by immunoassays which detect, in the patient, production of an antibody response aimed against either the RII mutation or, due to breaking of immune tolerance, against other epitopes on the native RII protein.
In yet another embodiment, this invention provides a method to aid in diagnosing cancer in a patient comprising detecting a mutant RII receptor for TGFB in a sample of biological fluid from the patient. The mutant form of RII may be detected directly or it may be detected indirectly by detecting antibody immunologically reactive with the mutant form of RII in a sample of biological fluid from the patient. The antibody immunologically reactive with mutant RII receptor for TGFB may also be immunologically reac tive with wild type RII receptor.
In another embodiment, this invention provides a heter ologous polynucleotide, either DNA or RNA, comprising a nucleotide Sequence encoding a mutant form of TGFB receptor RII, the mutation being addition or deletion of one or two adenosine base-pairs from a ten base-pair poly adenosine sequence at nucleotides 709 to 718 of the normal RII Sequence, or preferably, a two base-pair insertion of GT which occurs in a six base pair repeat Sequence GTGTGT at nucleotides 1931-1936 of the normal RII sequence. In a particular embodiment, this heterologous polynucleotide is an expression vector which expresses an inactive mutant form of RII.
In still another embodiment, this invention provides a therapeutic method for treating a cancer patient, wherein neoplastic cells of the patient express a non-functional mutant form of a growth regulatory gene, wherein the growth regulatory gene encodes a type II receptor which is a member of a family of Serine/threonine receptors which bind members of a family of TGFB-like factors or the wild-type of the growth regulatory gene contains repetitive DNA sequence motifs in the coding region, the method comprising administering to the patient an immunogenic amount of an immunogenic composition comprising a non functional mutant form of the growth regulatory gene prod uct or an expression vector encoding the same non functional mutant form of the growth regulatory gene as the neoplastic cells of the patient. In a particular embodiment, this invention provides a therapeutic method for treating a colon or gastric cancer patient whose tumor expresses a mutant form of RII by administering to the patient an immunogenic amount of an expression vector encoding mutant TGFB receptor RII which is the same mutant form of RII as expressed by the patient's tumor cells.
In still another embodiment, this invention provides a mutant protein of human TGFB receptor RII substantially free of other human proteins, the mutant RII protein having a sequence encoded by RII cDNA altered by a mutation, the mutation being either deletion or insertion of one or two A base pairs in a ten base-pair poly A Sequence at nucleotides 709 to 718 of the normal RII sequence, or preferably, a two base pair insertion of GT which occurs in a six base pair repeat sequence GTGTGT at nucleotides 1931-1936 of the normal RII Sequence. This invention also provides antibod ies specific for the mutant protein.
In yet another embodiment, this invention provides a therapeutic method for treating a colon cancer patient, where the patient's tumor cells express a mutant form of RII, the mutation being a two base pair insertion of GT which occurs in a six base pair repeat Sequence GTGTGT at nucleotides 1931-1936 of the normal RII sequence, or deletion or insertion of one or two A base-pairs in a ten base pair poly A sequence at nucleotides 709 to 718 of the normal RII Sequence, comprising administering to the patient an immu nogenic composition containing a mutant form of RII con taining the same RII mutation as the tumor cells of the patient.
In yet another embodiment, this invention provides a therapeutic method for treating a cancer patient, wherein neoplastic cells of the patient express a non-functional mutant form of a growth regulatory gene, wherein the growth regulatory gene encodes a type II receptor which is a member of a family of Serine/threonine receptors which bind members of a family of TGFB-like factors or the wild-type of the growth regulatory gene contains repetitive DNA sequence motifs in the coding region, the method comprising administering to the patient an effective amount of an Substance Specifically immunoreactive with the non functional mutant form of the growth regulatory gene expressed by the neoplastic cells of the patient, the Substance being preferably antibodies Specifically immunoreactive with the growth regulatory gene or Specific activated cyto toxic immune cells. In a preferred embodiment, the thera peutic method comprises administering a Substance Specifi cally immunoreactive with RII, the type II receptor for TGFB.
In still another embodiment, this invention provides a therapeutic method for treating a cancer patient, wherein neoplastic cells of the patient express a non-functional mutant form of a growth regulatory gene, wherein the growth regulatory gene encodes a type II receptor which is a member of a family of Serine/threonine receptors which bind members of a family of TGFB-like factors or the wild-type of the growth regulatory gene contains repetitive DNA sequence motifs in the wild-type coding region, the method comprising administering to the patient a gene therapy vector encoding a functional form of the growth regulatory gene expressed by the neoplastic cells of the patient the gene being operably linked to a promoter, wherein Said gene therapy vector is expressed in the patient to produce a functional form of the growth regulatory gene expressed by the neoplastic cells of the patient. In a par ticular embodiment, this invention provides a therapeutic method for treating a patient having colon cancer of the RER phenotype comprising administering to the patient a gene therapy vector encoding functional TGFB receptor RII oper ably linked to a promoter, wherein the gene therapy vector is expressed in the patient to produce functional RII.
In investigations to determine whether inactivation of TGFB receptors is a mechanism by which human colon cancer cells lose responsiveness to TGFB, it was discovered that RII receptors were inactivated in a subset of colon cancer cell lines. Surprisingly, RII inactivation was a com mon characteristic of tumor cells exhibiting microSatellite instability (hereafter referred to as RER", for "replication errors"). Inactivation of RII, by frameshift mutations in regions of Small repeat Sequences, appears to be a critical
Step in tumor progression, rather than a simple correlate of the RER+phenotype. ., et al., 1993, Brit. J. Cancer, 68:137) , by malignant colon epithelium (Avery, A., et al., 1993) and by most colon cancer cell lines (Brattain, et al., 1994, Curr. Opin. Oncol., 6:77) .
Exogenous addition of TGFB has been shown to abolish the proliferation of early colon neoplasms studied as cell lines (Markowitz, S., et al., 1994 , J. Clin. Invest., 93:1005 . In colon and in other cell types Studied, inactivation of the TGFB receptor RII permits escape from TGFB mediated growth inhibition (Geiser, et al., 1992 , J. Biol. Chem., 267:2588 Wrana, J., et al., 1992 , Cell, 71:1003 Boyd, et al., 1989 , J. Biol. Chem., 264:2272 Laiho, et al., 1991, ibid., 266:9108; Laiho, et al., 1990, ibid., 265:18518 Step in colon carcinogenesis, and defines a possible pathway for progression of RER tumors, involving escape from TGFB mediated growth control by RII mutation. Previous studies have demonstrated hypermutability in RER" cell lines, within both DNA microsatellites and within expressed gene Sequences (Aaltonen, L., et al., 1993, Science, 260:812; Ionov, et al., 1993, Nature, 363:558; Thibodeau, et al., 1993, Science, 260:816; Kim, et al., 1994, Am. J. Pathol., 145:148; Eshleman, J., et al., 1995, Oncogene, 10:33). The type II TGFB receptor appears to be a common target for mutation in RER" colon cancers and, as Such, links DNA repair defects (see Aaltonen, L., et al., 1993; Ionov, et al., 1993; Thibodeau, et al., 1993; Kim, et al., 1994; Liu, B., et al., 1995, Nature Genet., 9:48;  , et al., , Science, 263:1625 Bronner, C., et al., 1994, Nature, 17:258; Fishel, R., et al., 1993 , Cell, 75:1027 Leach, F., et al., 1993 Leach, F., et al., , ibid., 75:1215 and Nicolaides, N., et al., 1994, Nature, 371:75 for DNA repair defects) with a demonstrable pathophysiologic event. Small repeat Sequences in the RII gene appear to make it a favorable target for RER" associated mutator mechanisms. The proliferative advantage of cells with inactivated RII drives tumor progression forward once these cells are gen erated. This pathway for tumor progression may additionally be operative in those non-colonic human malignancies in which the RER" phenotype has also been detected, such as endometrial cancer, OVarian cancer, gastric cancer, pancre atic cancer and other malignancies (reviewed in Eshleman, et al., 1995, in Willison, ed ., "Current Opinion in Oncology," Current Science, Philadelphia, p. 83).
Tumor progression by RII inactivation may additionally be operative in other cancers, Such as non-RER colon cancer or breast cancer, in which RII may be inactivated by mechanisms other than these Specific RER associated muta tions. The diagnostic procedures for detecting inactivation of RII as described herein and the benefits of therapeutic intervention aimed at restoring RII function provided below will be applicable to these other cancers as well. In particular, a Substantial Subset of human breast cancers lack functional RII, and that lack of functional RII is particularly characteristic of breast cancers which are positive for pres ence of the estrogen receptor (ER+). RII inactivation in this RII are applicable to these tumors as well. The same will also be true for those minority of non-RER colon cancers in which RII is inactivated.
RII is one of a group of type II receptors which are members of the family of Serine-threonine kinase receptors which bind to the family of ligands sharing Structural homology to TGFB. The TGFB family of growth factors includes TGFBs, activins, inhibins; Mullerian inhibitory Substance (MIS), and the bone morphogenic proteins (BMPs) as well as closely related members isolated from non-mammalian Species Such as Drosophila and Xenopus.
Because of the roles of these various factors in differentiation, development and inhibition of cellular proliferation, the factors may also be expected to be involved in disruptions of regulatory functions which play a role in determining the cancer genotype and phenotype.
Each member in this family of growth factors carries out its activity by binding to and activating a receptor dimer similar to the TGFB type II and type I receptors. These constitute the type I and type II Serine/threonine kinase receptor subfamilies (Massague, et al., 1994, Trends in Cell Biology, 4:173-178) . Various type H receptors which have been discovered in this family include Act R-II, Act R-IIB and C14 for activins, activins, and MIS, respectively. Vari ous type I receptors have been designated Act RIB, Act RI (TSK 7L, Alk2, R1), TSR-1 and TBR-1 which bind activins and TGFBs. Mutations of either the type I or the type II receptors in this family would result in a growth regulatory dysfunction similar to that described for the TGFB type II receptor (RII). Thus monitoring these members of the recep tor Subfamilies will also prove useful in the diagnosis, prognosis and treatment of cancer.
RII is also one of a group of growth regulatory proteins bearing repetitive DNA sequence elements of 1 to three base 7 pairs in length (reviewed in Ross, et al., in Trends in Neurosciences, 1993, vol. 16, pp. 254-261) . Instability of these repetitive Sequences in nerve or muscle tissues has previously been associated with neurologic diseases. Insta bility of these sequences homologous to the repetitive DNA Sequences in RII, would also be expected to be present in RER cancers, and to be Selected for in those instances, in which like RII, Such mutations conferred a growth advan tage on the tumor.
Definitions
In describing the present invention, the following termi nology is used in accordance with the definitions Set out below.
A "double-stranded DNA molecule" refers to the poly meric form of deoxyribonucleotides (adenine, guanine, thymine, or cytosine) in its normal, double-Stranded helix.
This term refers only to the primary and Secondary Structure of the molecule, and does not limit it to any particular tertiary forms. Thus, this term includes double-stranded DNA found, inter alia, in linear DNA molecules (e.g., restriction fragments), viruses, plasmids, and chromosomes.
In discussing the Structure of particular double-Stranded DNA molecules, Sequences may be described herein accord ing to the normal convention of giving only the Sequence in the 5' to 3' direction along the nontranscribed stand of DNA (i.e., the Strand having a sequence homologous to the mRNA).
A DNA sequence "corresponds' to an amino acid Sequence if translation of the DNA sequence in accordance with the genetic code yields the amino acid Sequence (i.e., the DNA sequence "encodes the amino acid sequence).
One DNA sequence "corresponds' to another DNA Sequence if the two Sequences encode the same amino acid Sequence.
Two DNA sequences are "substantially similar" when at least about 85% (preferably at least about 90%, and most preferably at least about 95%) of the nucleotides match over the defined length of the DNA sequences. Sequences that are substantially similar can be identified in a Southern hybrid ization experiment under, for example, Stringent conditions as defined for that particular System. Defining appropriate hybridization conditions is within the skill of the art. See e.g., Maniatis et al., infra; DNA Cloning, vols. 1 and II infra; Nucleic Acid Hybridization, infra.
A "heterologous' region or domain of a DNA construct is an identifiable segment of DNA within a larger DNA mol ecule that is not found in association with the larger mol ecule in nature. Thus, when the heterologous region encodes a mammalian gene, the gene will usually be flanked by DNA that does not flank the mammalian genomic DNA in the genome of the Source organism. Another example of a heterologous region is a construct where the coding Sequence itself is not found in nature (e.g., a cDNA where the genomic coding Sequence contains introns, or Synthetic Sequences having codons different than the native gene). Sequence. A coding Sequence is "under the control" of the promoter Sequence in a cell when RNA polymerase which binds the promoter Sequence transcribes the coding sequence into mRNA which is then in turn translated into the protein encoded by the coding Sequence.
For purposes of defining the present invention, the pro moter Sequence is bounded at its 3' terminus by the trans lation Start codon of a coding Sequence and extends upstream (5' direction) to include the minimum number of bases or elements necessary to initiate transcription at levels detectable above background. Within the promoter Sequence will be found a transcription initiation site (conveniently defined by mapping with nuclease S1), as well as protein binding domains (consensus Sequences) responsible for the binding of RNA polymerase. Eucaryotic promoters will often, but not always, contain "TATA boxes and "CAT" boxes. Procaryotic promoters contain Shine-Delgarno Sequences in addition to the -10 and -35 consensus Sequences. A cell has been "transformed" by exogenous DNA when such exogenous DNA has been introduced inside the cell wall. Exogenous DNA may or may not be integrated (covalently linked) to chromosomal DNA making up the genome of the cell. In procaryotes and yeast, for example, the exogenous DNA may be maintained on an episomal element Such as a plasmid. With respect to eukaryotic cells, a stably transformed cell is one in which the exogenous DNA is inherited by daughter cells through chromosome replication. This stability is demonstrated by the ability of the eukaryotic cell to establish cell lines or clones comprised of a population of daughter cells containing the exogenous DNA A "clone' is a population of cells derived from a Single cell or common ancestor by mitosis.
A "cell line" is a clone of a primary cell that is capable of Stable growth in vitro for many generations.
Vectors are used to introduce a foreign Substance, Such as DNA, RNA or protein, into an organism. Typical vectors include recombinant viruses (for DNA) and liposomes (for protein). A "DNA vector" is an autonomously replicating DNA molecule, Such as plasmid, phage or coSmid, to which another DNA segment may be attached So as to bring about the replication of the attached Segment.
An "expression vector" is a DNA vector which contains regulatory Sequences which will direct protein Synthesis by an appropriate host cell. This usually means a promoter to bind RNA polymerase and initiate transcription of mRNA, as well as ribosome binding Sites and initiation Signals to direct translation of the mRNA into a polypeptide. Incorpo ration of a DNA sequence into an expression vector at the proper site and in correct reading frame, followed by trans formation of an appropriate host cell by the vector, enables the production of mRNA corresponding to the DNA Sequence, and usually of a protein encoded by the DNA Sequence.
A composition comprising a Selected component A is "substantially free" of another component B when compo nent A makes up at least about 75% by weight of the combined weight of components A and B. Preferably, selected component A comprises at least about 90% by weight of the combined weight, most preferably at least about 99% by weight of the combined weight. In the case of a composition comprising a Selected biologically active protein, which is Substantially free of contaminating proteins, it is Sometimes preferred that the composition having the activity of the protein of interest contain Species with only a single molecular weight (i.e., a "homogeneous' composition).
AS used herein, a "biological Sample" refers to a Sample of tissue or fluid isolated from a individual, including but not limited to, for example, plasma, Serum, Spinal fluid, lymph fluid, the external Sections of the Skin, respiratory, intestinal, and genitourinary tracts, tears, Saliva, milk, blood cells, tumors, organs, and also Samples of in Vivo cell culture constituents (including but not limited to conditioned medium resulting from the growth of cells in cell culture medium, putatively virally infected cells, recombinant cells, and cell components). 
Detecting RII Inactivation
Inactivation of RII can be monitored by any assay which measures RII, its precursor molecules or its effects. Inacti vation can be detected from the absence of RII or a precursor in an assay Specific for the presence of RII or by positive detection of a mutant form known to be inactive. The presence of mutant forms of RII can also be detected indirectly, by positive detection in Serum from a patient of antibodies specific for mutant RII. Detection of antibodies Specific for wild-type RII, demonstrating that Self-tolerance of RII has been broken, is another indicator that RII has been altered in a fashion that Suggests inactivation.
Detection of RII proteins and their expression, may be on the nucleotide or peptide level. Anti-RII antibodies can be prepared by immunizing mammals with peptides expressed from nucleic acid Sequences corresponding to RII as indi cated in International Patent Publication WO 93/09228, incorporated herein by reference, using techniques that are well known to those skilled in the art. These antibodies can detect the presence of RII protein by a variety of immu noassay techniques. Peptides having enough of the Sequence for TGFB RII to contain one or more epitopes can be produced from the sequence disclosed in WO93/09228, and these peptides can be used to detect antibodies Specific for wild-type RII molecules. RII mutations arising from addition or deletion of one or two A bases within the poly A Sequence at nucleotides 709-718 encode truncated RII-related proteins that contain the RII ligand binding domain and, lacking the RII mem brane anchoring, are Secreted from the cell into the blood. These truncated Secreted mutant RII proteins can be con centrated and or detected by virtue of their ability to bind to TGFB. TGFB binding could be demonstrated by binding of RII mutant proteins to TGFB immobilized on a solid support, or binding to TGFB that is labeled with a radioac tive or other tag. Thus alternate assay for mutant RII proteins would be assay by detection of TGFB binding by soluble or by abnormally sized proteins. An example of Such an assay would consist of concentrating the mutant RII proteins in blood by binding to TGFB that was attached to beads, followed by detection of these abnormal proteins by western analysis using an anti-RII antibody reactive with epitopes in the external RII domain.
Nucleotide probe Sequences provided herein can be used to detect expression of mRNA corresponding to RII proteins or mutant forms of RII in accordance with any of the Standard techniques. Expression may be detected either by in Situ hybridization or by extraction and detection of mRNA. Sequences encoding mutant forms of RII may also be detected on the genomic level. The particular procedures for gene probe assays and immunoassays are well-known to those skilled in the art. A preferred procedure is PCR, using primers selected from the sequence of TGFB RII, as dis closed in WO93/09228. Similar assays can be used to detect inactivation or inactive mutants of the other members of the type II Serine/threonine kinase receptor family.
Four assays have been used preferentially for detecting the inactivation of RII. The first assay is an RNase protection assay which detects loss of RII RNA. The second assay is a TGFB binding assay which detects the absence of functional RII receptor protein. The chemistry of these two assays and their use in model systems are described in Sun, et al., 1994, J. Biol. Chem., 2.26449-26455, incorporated herein by reference, and details of these assays are provided in the Examples below. RII inactivation has also been determined by direct cloning and Sequencing of mutant RII receptor from colon cancer cell lines which are not Sensitive to exogenous TGFB. RII inactivation has also been detected by PCR amplification of nucleotides 709-718 and its surround ing region and by demonstration of altered size of this amplified fragment. Three mutations in the RII gene are described in detail in the Examples. The findings from all four assays as applied to human colon cancer are also described in the Examples.
PCR Based Detection of Mutant RII Genes RII mutations in RER+ tumor types may be detected by, for example, amplification of a genomic Segment which differs in length from the segment amplified from DNA of normal cells. A PCR-based assay has been developed for the mutational hotspot comprising the RII polyadenine repeat at nucleotides 709-718. PCR amplification from genomic DNA of 73 bp Sequence encompassing this repeat is fol lowed by polyacrylamide gel electrophoresis. A shift of one or more basepairs in the size of the amplified fragment is indicative of a frameshift mutation in the mutational hotspot. Assays for Loss of RII mRNA RII mRNA transcripts must be present in the cell for synthesis of the RII receptor to occur. Therefore, mutations that result in decreased Stability or outright failure to pro duce RII mRNA will make cells insensitive to TGFB. Loss of RII mRNA can be detected, for instance, by hybridization of probes with RII sequences to mRNA in situ or by RNase One of skill in the art may find it desirable to prepare probes that are fairly long and/or encompass regions of the amino acid Sequence which would have a high degree of redundancy in the corresponding nucleic acid Sequences. In other cases, it may be desirable to use two Sets of probes Simultaneously, each to a different region of the gene. While the exact length of any probe employed is not critical, typical probe Sequences are no greater than 1000 nucleotides in length, more typically they are not greater than 500 nucleotides, even more typically they are no greater than 250 nucleotides, they may be no greater than 100 nucleotides, and also may be no greater than 75 nucleotides in length. Generally it is recognized in the art that probes from about 14 to about 20 base pairs are usually effective. Longer probe Sequences may be necessary to encompass unique poly nucleotide regions with differences Sufficient to allow related target Sequences to be distinguished. For this reason, probes are preferably from about 10 to about 100 nucle otides in length and more preferably from about 20 to about 50 nucleotides.
Nucleotide Probe Assays for Expression
The nucleic acid probes described above may be used to detect mRNA transcripts in cells that express RII. The probe can be either single or double stranded DNA or RNA. The Size of a probe can vary from less than approximately 20 nucleotides to hundreds of nucleotides. The most desirable nucleotide probes do not detect nucleotide Sequences unre lated to their intended target, do not show Significant homol ogy with unrelated nucleotide Sequences, and do not contain complementary Sequences Such that they would Self hybridize or fold upon themselves. The guanine and cytosine content of desirable probes is not So high as to promote non-specific hybridization with unrelated Sequences rich in guanine and cytosine. Finally, the melting temperature and free energy of binding are generally favorably Suited to the detection technique for which they are intended. The probe may be radio-labeled, labeled with a fluorescent material, a biotinylated nucleotide, or the like. Procedures for the In Situ hybridization of nucleotide probes to tissue Sec tions is performed using Standard methods, as described by, e.g., Baldino, et al., Methods in Enzymol., 1989, vol. 168, p. 761-77; Emson, et al., Methods in Enzymol., 1989, vol. 168, p. 753-61; Harper, et al., Methods in Enzymol., 1987, vol. 151, p. 539-51; Angerer, et al., Methods in Enzymol., 1987, vol. 152, p. 649-61; Wilcox, et al., Methods in Enzymol., 1986, vol. 124, p. 510-33 , incorporated herein by reference, using nucleotide probes described above. One preferred method for detecting mRNA associated with expression of RII or RII mutants is in situ hybridization to tissue sections taken from tumors. Detection of hybridization by a probe having a nucleotide Sequence corresponding to RII in the cells indicates expression by that cell of mRNA correspond ing to RII. TiSSue Sections are prepared as for immunohisto chemistry.
Alternatively, extracts of RNA from tissue samples can be analyzed for the presence of Sequences encoding the pro teins of this invention. The diagnostic test employing a nucleotide probe will employ a biological Sample from an individual. Nucleic acids are recovered from the Sample employing Standard techniques well known to those skilled in the art. The nucleic acid then is incubated with the probe and hybridization is thereafter detected. The presence of a nucleic acid whose Sequence corresponds to that of the probe is preferably detected by Northern blot, or slot/dot blot. Using Northern blotting or dot hybridization, purified RNA Samples of known concentration and integrity can be hybridized with labeled RII probes. For each sample, the Signal which is obtained can be compared radiometrically to the signal obtained when the same sample is hybridized to a labelled probe for a constitutively expressed gene whose expression does not vary from cell to cell or Sample to Sample. Comparison of the ratios between different Samples permits estimation of the differences in RII expression levels.
Alternatively, a nucleic acid whose Sequence corresponds to the sequence of RII may be detected in the RNA extract of tumor tissue by nucleic acid amplification, using primers based on the nucleic acid sequence of RII (see, e.g., methods reviewed in Van Brunt, BioTechnology, 8:291-294, 1990 ).
Similar primers can be used to amplify genomic DNA Sequences encoding RII or RII mutants. The preferred method of amplification uses the polymerase chain reaction (PCR). Primers can be constructed corresponding to unique portions of the nucleic acid Sequence of RII, determined as described above for nucleic acid probes. Using these primers, RNA or DNA in a nucleic acid extract of tumor tissue will be amplified by PCR only if it contains the unique RII Sequences.
Alternatively, the level of RII mRNA expression can be estimated by quantitative polymerase chain reaction. Using primers whose Sequences correspond to the RII nucleotide Sequence, cDNA can be Synthesized initially using reverse transcriptase, then the resultant cDNA amplified according to the polymerase chain reaction. The reaction is run under conditions and terminated So as to produce amounts of amplified products in proportion to the amount of mRNA originally present in the Sample. Absence of the Wild-Type RII Protein It has been shown that functional RII receptor must be present in the cell membrane and at the cell Surface to mediate TGFB effects, and therefore inactivation of the TGFB growth suppression can be monitored by any method for detecting the absence of functional RII on the cell surface. The presence of RII can be measured by immunoassay, using antibodies Specific for RII, Such as those described in International Patent Publication WO 93/09228, incorporated herein by reference. Lack of anti body binding would indicate the absence of functional RII molecules. Inactive RII receptors may also be detected by using anti-RII antibodies to detect either aberrant cellular location (e.g., on immunohistochemistry) or by virtue of aberrant molecular size (e.g., on Western Blot assays).
Alternatively, antibodies Specific for the inactive mutant forms of RII described below may be used to detect the presence of inactive RII directly. Antibodies to the inactive mutants may be prepared by Standard methods including expression of the mutant protein in a recombinant System from the nucleic acid Sequence disclosed herein and immu nization of a mammal using the expressed protein.
The absence of functional RII also results in absence of functional RI cell surface receptors (Wrana, et al., (1992 ) Cell, 71:1003 Sun, et al., (1994 
Antibody Production
Antibodies which are specifically reactive with the mutant RII proteins of this invention may be obtained in a number of ways which will be readily apparent to those skilled in the art. The mutant protein can be produced in a recombinant System using the mutant nucleotide Sequence disclosed below (see, e.g., Sambrook et al.). The recombinant protein can be injected into an animal as an immunogen to elicit polyclonal antibody production. The resultant polyclonal antisera may be used directly or may be purified by, for example, affinity absorption using recombinantly produced RII or RII mutants coupled to an insoluble support.
In another alternative, monoclonal antibodies specifically immunoreactive with the protein may be prepared according to well known methods (See, e.g., Kohler and Milstein, 1976 , Eur: J. Immunol, 6:611), using the peptide of this invention as an immunogen, using it for Selection or using it for both functions. These and other methods for preparing antibodies that are specifically immunoreactive with the recombinant protein of this invention are easily within the skill of the ordinary worker in the art. While some compo nent antibodies in polyclonal antisera elicited with mutant RII may react with epitopes that are common to both mutant and wild-type RII, purified polyclonal antibodies and mono clonal antibodies will preferably show higher affinity for mutant RII than wild-type RII; more preferably, these anti bodies will have an affinity for mutant RII which is at least about two orders of magnitude greater than their affinity for wild-type RII. Most preferably, antibodies specific for mutant RII will not react with normal (wild type) RII.
Similar methods can be used to produce antibodies Specifi cally immunoreactive with wild-type RI or RII, as will be apparent to the skilled worker.
Immunoassays
The antibodies of the present invention can be used to detect RI, RII or RII mutants in histological sections. One can detect antibody binding to tissue Sections by any detec tion means known in the art for example, a radiolabel or a Stain. A particularly useful Stain employs peroxidase, hydro gen peroxide and a chromogenic Substance Such as amino ethyl carbazole. For example, the peroxidase (a well known enzyme available from many Sources) can be coupled to an anti-RII antibody or merely complexed via one or more antibodies to an antibody which specifically binds a protein which is cross-reactive with RII. Such techniques are well known in the art. Other chromogenic Substances and enzymes may also be used. Fluorescence labelling or radio labeling of antibodies may also be used to detect antibody binding to sections. Labeled antibodies may be anti-RII or Second antibodies immunoreactive with anti-RII antibodies.
Again, Such techniques are well known, and equivalent labelling Schemes for the other antigens will be apparent to the skilled worker.
The precise technique by which a protein croSS-reactive with the RI, RII or mutant RII gene product is detected in patients is not critical to the invention. Biochemical or immunological techniques can be used which do not employ immunohistochemistry. Solution assay methods, including colorimetric, chemiluminescent or fluorescent immunoas Say S Such as ELISA, Sandwich and competitive immunoassays, immuno-diffusion, radio immunoassay, immuno-electrophoresis, Western blot and other techniques, may be used to detect and quantitate proteins croSS-reactive with RI, RII or RII mutants in a patient by preparing an extract of a tissue Sample from the patient and assaying the eXtract.
A protein cross-reactive with the RI, RII or mutant RII gene product can be quantitated in a biological fluid, Such as Serum, plasma, effusions, ascites, urine, Stool, cerebroSpinal fluid, Semen, breast aspirates and fluids of Ovarian origin, using any protein detection means known in the art. Pre 15 ferred methods employ immunological detection means. These include: radioimmunoassay, enzyme linked immu noadsorbent assay, complement fixation, nephelometric assay, immunodiffusion or immunoelectrophoretic assay and the like. Plasma should be anti-coagulated before use, as is known in the art. Cellular elements and lipid may be removed from fluids, e.g., by centrifugation. For dilute fluids, Such as urine, protein may be concentrated, e.g., by ultra-filtration or Salting-out.
RII mutations arising from addition or deletion of one or two A bases within the poly A Sequences at nucleotides 709-718 encode truncated RII related proteins that contain the RII extracellular domain and that, lacking the RII membrane anchor, will be secreted from the cell into the blood. These truncated secreted mutant RII proteins can be concentrated and/or detected by immunoassays that either employ antibodies reactive with the external domain that is shared by both wild-type and mutant RII, and/or that employ antibodies reactive with mutant epitopes encoded at the carboxyl terminus of the truncated mutant forms of RII. For instance, Secreted Soluble mutant RII could be detected in blood by an ELISA that used antibodies reactive with the external domain that is shared by both wild-type and mutant RII, and/or that employed antibodies reactive with mutant epitopes encoded at the carboxyl terminus of the truncated mutant forms. In an alternate instance Secreted Soluble RII could be concentrated from blood by immuneprecipitation and then detected by Western analysis. Again, this could be accomplished using antibodies reactive with the external domain that is shared by both wild-type and mutant RII, and/or by using antibodies reactive with mutant epitopes encoded at the carboxyl terminus of the truncated mutant forms.
Alternatively, the presence of mutant RII in a patient may be detected by immunoassays which detect production of an antibody response in the patient aimed against either the RII mutation or, due to breaking of immune tolerance, against other epitopes on the native RII protein. The provocation in a patient of a Serologic antibody response to oncogenic mutation in a protein has been previously demonstrated in patients whose tumors harbor oncogenic mutations in the p53 protein (reviewed in Harris, et al., 1993 , N. Eng. J. Med., 329:1318 -1327 . As frameshift mutations located within the ten base-pair poly A sequence at nucleotides 709-718 would be predicted to encode RII proteins truncated prior to their membrane Spanning domain, it is expected Such RII mutant proteins would be secreted directly into the blood, and would accordingly provoke a much more vigorous immune response than the mutations in the intracellular p53 protein discussed by Harris, et al. Such an immune response could provoke production of antibodies in the patient against epitopes in the mutant RII Sequence or, as has been Seen in Some patients bearing tumors harboring p53 mutations, could result in breaking immune tolerance and So provoking an antibody response to epitopes on the native RII protein.
Detection of a patient's Serologic response to RII, using Standard methods Such as radioimmunoassay, or enzyme linked immunosorbant assay (ELISA), or other similar assays, is a routine matter for one skilled in the art. TGFB Binding Assay A preferred method of detecting the presence of func tional RII is by TGFB binding assay in which labelled TGFB binds to RII followed by cross-linking and measurement of the amount of label linked to RII protein. Details of this assay have been published in Sun, et al., incorporated herein by reference. Briefly, cell Surface receptorS may be detected by cross-linking in situ to 1251 labelled TGFB followed by The TGFB binding assay may also be used to monitor biological fluids for truncation mutants of RII. RII mutations arising from addition or deletion of one or two A bases within the poly A sequence at nucleotides 709-718 encode truncated RII related proteins that contain the RII ligand binding domain and that, lacking the RII membrane anchor, will be secreted from the cell into the blood. These truncated Secreted mutant RII proteins can be concentrated and/or detected by virtue of their ability to bind to TGFB. TGFB binding can be demonstrated by binding to TGFB that is labeled with a radioactive or other tag. Thus, alternate assay for mutant RII proteins can be by detection of TGFB binding to Soluble or by abnormally sized proteins. An example of Such an assay would consist of concentrating the mutant RII proteins in blood by binding to TGFB that was attached to beads, followed by detection of these abnormal proteins by western analysis using an anti-RII antibody reactive with epitopes in the external RII or mutant RII domain (e.g., antibodies to wild-type RII or mutant RII external domain).
Mutations
Cell lines identified as having inactivated RII have been used for the purpose of identifying new RII mutations for Subsequent commercial use in cancer detection, diagnosis, prognosis, or therapy. Such cell lines include Hct116, RKO, C, VACO457, VACO670, VACO432, VACO444, VACO5, VACO6, VACO8, VACO703, VACO481, and VACO410.
Each of these colon cancer cell lines bears an inactivated mutant RII gene. The specific mutation in RII in each of these cell lines provides for Specific tests to identify that mutant RII product. The tests may be based on either anti-mutant antibody or mutant DNA or RNA probes, or detection of host immune (antibody) response to RII or to RII mutants. Such tests, aimed at detecting the RII mutations which are most common in human cancers, have direct application to cancer detection, diagnosis and prognosis. Moreover, drugs aimed at the most common mutations may be Screened for potential use in cancer therapeutics.
The RII mutation identified in the VACO481 tumor may be useful in the development of a commercial test for RII mutation. We have identified the first RII mutation demon Strated to be present in a Spontaneous human colon cancer. Additional mutants detected include those found in VACO457 and in RKO. In the VACO457 mutant the wild type ten base-pair poly-adenine repeat (nucleotides 709-718) is truncated by one base. This encodes a truncated polypeptide of 161 amino acids (compared to 567 amino acids in wild-type) of which the last 34 amino-acids (SLVRLSSCVPVALMSAMTTSSSQKNITPAILTCC (SEQ ID NO. 3)) are altered from the wild-type, which starting at This class of mutations will be found to occur in tumors which, like VACO8 and VACO410, may be identified as being non-RER, and which, like VACO8 and VACO410, may be identified by elevated gene mutation rates, and which additionally will be identified by the property of loSS of receptor ligand binding or loSS of the ability of TGFB to suppress cell growth, in combination with the continued presence of normal levels of RII mRNA transcripts. The assays provided herein for these properties of mutant RII receptors can be utilized in conjunction with standard recombinant DNA methods to identify and clone DNA encoding these mutant receptors for use in diagnosis of cancer as described herein.
The RII mutations disclosed above may be expected to be common mutations in many human tumors, and assays for the mutations therefore have use for cancer detection, diagnosis, or possibly prognosis. Such assays include immu noassays using antibodies against the mutant polypeptide, TGFB binding assays, or PCR using primers which amplify the mutant region of the RII gene, or using other DNA or RNA probes to detect the mutant allele. Examples of stan dard DNA based techniques for detecting mutant gene Sequences include: PCR and direct sequencing (see, e.g., McPherson, et al., (1992 (See, e.g., Kumar, et al., (1990 ) Oncogene, 5:1271 -1277 Kumar, et al., (1990) Science, 284:1101 Science, 284: -1104 van Mansfeld, et al., (1992) PCR Meth. Appl., 1:211-216; Sukumar, et al., (1991) Mol. Carcinogen, 4:362-368; and Sukumar, et al., (1990) Proc. Natl. Acad. Sci., USA, 87:718-722); the technique of single stranded conformational polymorphisms (SSCP, See, e.g., Iwahana, et al., (1992) Biotech., 12:64-66 and Orita, et al., (1989) Genomics, 5:874-879); the mismatch amplification muta , 2:14-20 and Sommer, et al., (1992) Biotech., 12:82-87); and heteroduplex analysis using denaturing gra dient gel electrophoresis (DGGE, See, e.g., Fukuda, et al., (1993) Mol. Carcinogen, 7:257-262; Ruano, et al., (1992) PCR Meth. Appl., 2:112-116; and Soto, et al., (1992) PCR Meth. Appl., 2.96-98). These assays may be used to detect mutant RII DNA in extracts of tumor tissue or normal tissue, or in biological fluids including Stool.
While preferred assays for detection of RII inactivation are described in detail above, other methods of detection will be apparent to the skilled worker, and use of these other methods to detect RII inactivation are also within the scope of this invention for the diagnostic and prognostic uses described below.
Similar assays may be used to detect inactivation or absence of the type I and type II receptorS for other members of the family of TGFB-like factors. Somatic mutation of type II receptors for other TGFB-like factors will release cells from control of proliferation which is mediated through the particular factor/receptor System, resulting in uncontrolled growth (transformation) of the cells containing the mutation.
Such mutations can be characterized as described herein, and once the mutation is characterized, assays for the mutation can be designed using the principles described herein.
Mutants of these receptors can be easily identified in transformed cell lines having reduced or no expression of receptor activity (as determined, for example, by measuring mRNA encoding the receptor, antibody Specific for the receptor, binding of the factor to the cells or measurement of bioactivity stimulated by the factor). As described for type II receptor for TGFB, the receptor can be cloned from a cDNA or genomic DNA library prepared from the trans formed cell line using nucleic acid probes or primers derived from the wild-type receptor Sequence to Select clones from the library. Confirmation that the clones contain DNA encoding mutant receptors can be accomplished by, for example, observing differences in Sequence or in the length of the mRNA or the encoded protein. Once clones that encode and/or express the mutant form of the receptor have been isolated, detection of the mutant form of the receptor in patient Samples can be readily accomplished by assays analogous to those described for the TGFB RII receptor.
Similar assays may be used to detect inactivation or absence of other growth regulatory genes which share with RII presence of repetitive DNA sequence elements in their coding region, which we have demonstrated can be targeted for mutation in RER cancers, and whose mutation, would be Selected for when, like RII, it confers a growth advantage on the cancer. Identification of Such candidate genes can be done by computer Searches of gene databases Such as GenBank. Examples of Such candidate genes found by computer Searches include those itemized in ROSS, et al., in Trends in Neurosciences, 1993, Vol. 16, pp. 254-261 , for example, the cyclin D gene, the alpha2 adrenergic receptor, and transforming growth factor-B itself.
Use of RII Inactivation Assay for Diagnosis and Prognosis
The type II receptor for TGFB, RII, is a colon cancer Suppressor gene which is inactivated in 25% of colon cancers. This indicates important medical uses for assays detecting RII inactivation (defined as above). These uses include predicting a patient's chance of cure or relapse after Surgery, radiation, or chemotherapy for colon cancer or other cancers. The present invention is intended to include Such use of all assays for detecting RII inactivation, including assays of RII gene mutation, loss of RII messenger RNA, absence of RII receptor protein, and absence of functional RII receptor protein (e.g., presence of mutant RII).
Any test for detection of RII inactivation, by RII loss or RII mutation, may be used in cancer diagnostics, cancer detection, or cancer prognosis, or for use in research labo ratories for colon or other cancerS Such as endometrial cancer, Ovarian cancer, gastric cancer, pancreatic cancer and other malignancies. Detection of RII inactivation may be used as an alternate assay for identifying colon or other cancers with unstable microsatellite DNAS (e.g., RER colon cancers, mutator type colon cancers). Any RII mutations in human cancers may be used for the purpose of designing tests for cancer diagnosis, prognosis, or for designing cancer therapy. RII mutations for use in cancer detection, diagnosis, prognosis, or therapy include the mutations in cell lines Hct 116, RKO, C, VACO457, VACO670, VACO432, VACO444, VACO5, VACO6, VACO8, VACO703, VACO481, and VACO410.
In accordance with this invention, it is possible to devise assays for RII inactivation which will work easily on clinical Samples of colon or other cancers. Two current assays for detecting RII inactivation (loss of binding of TGFB to RII or loss of RII transcript) work better in tumor cell lines that in tumor tissue. Assays which will work better in tumors include an anti-RII antibody for use in an immunohis tochemical assay, or an assay for RII mutations, Such as an in vitro transcription and translation assay, in Situ hybrid ization or RT-PCR assays for detection of RII message or an assay detecting mutant RII genomic Sequences, usually after PCR amplification. Alternatively, the presence of mutant RII in a patient may be detected by immunoassays which detect, in the patient, production of an antibody response aimed against either the RII mutation or, due to breaking of immune tolerance, against other epitopes on the native RII protein.
Detection of RER Tumor Subtype
The RER assay identifies colon cancers with unstable DNA (or Replication ERrors). These types of colon cancers are typical of a common variety of inherited colon cancers. They also present in about 15% of Seemingly sporadic colon cancers. It is unknown whether Seemingly sporadic RER cancers are truly Sporadic or represent inherited colon can cers with a delayed age of onset. The RER assay is a cumberSome one, requiring relatively pure tumor DNA. Detection of RII inactivation may be used as an alternate assay to identify colon cancers with unstable microsatellite DNAS (RER colon cancers, mutator type colon cancers). At least 100 out of 111 colon cancers of the RER Subclass have been found to bear an inactivated RII gene. Thus an assay for RII inactivation may functionally replace the current assay for identifying RER colon cancer. This invention contem plates the use of the assays for RII inactivation discussed above (for example, using anti-RII antibodies or in Situ hybridization to detect absent RII transcript or detection of mutant RII genomic sequences) as a simple replacement for the RER assay, or to screen tumors to identify those worth doing a confirmatory RER assay on. While they have been described in conjunction with characterization of the RER Subclass of colon cancer, the assays described herein are also useful for identifying other tumor types with unstable microsatellite DNAS, including those of endometrial cancer, ovarian cancer, gastric cancer, and pancreatic cancer. Cancer Diagnosis
Use of RII inactivation as a molecular marker for colon cancer is a novel idea. Park, et al., 1994, (Proc. Natl pares with tumors in which RII is normal. The ultimate clinical use of tests for presence or absence of RII will be in a manner analogous to the current clinical use of assays for presence or absence of estrogen receptors as a guide to therapy in breast cancer patients.
The RII gene appears to be a favorable target for muta tions (particularly Somatic mutations), and therefore the appearance of mutations in the RII gene may be expected to be an early indication of neoplastic progression. Thus, assays for detecting RII mutations in body tissueS or fluids may be used for early detection of cancer or premalignant lesions by detection of cellular changes (RII mutations) before neoplastic changes are observable on the tissue level. These assays may also be used to detect DNA instability in individuals predisposed to cancer development who may be generating multiple premalignant clones bearing RII muta tions.
Any test for detection of RII inactivation, by RII inactivation, by RII loss or RII mutation, may be used for the purpose of diagnosis of colon or other cancers. This includes assays of RII gene mutation, loss of RII messenger RNA, absence of RII receptor protein, and absence of function RII receptor protein. Absence of RII or presence of mutant RII protein may be detected in biopsy material by Staining with antibodies. Absence of RII transcript may be detected in biopsy material by RNA in situ hybridization techniques. Either assay will facilitate diagnosis of cancer. These assays may be automated by image analyzer. Similarly, mutant RII protein or genes may be detected in body fluids or excreta using PCR techniques, using assays for detecting Soluble or abnormally sized RII proteins either by their ability to bind TGFB or by their binding to antibodies reactive with mutant RII or with epitopes shared in common by mutant and wild-type RII, or using DNA or RNA probes designed to detect the mutations. Presence in a patient of mutant RII protein may also be determined by detection in the patient of an induced antibody response either to the mutant RII protein, or, due breaking of immune tolerance, against other epitopes on the native RII protein. These assays allow early detection of cancerS Such as colon cancer, in which mutant receptors are present.
The same classes of tests which diagnose cancer by detecting RII inactivation will also be of use for diagnosis of cancer in which genes homologous to RII are inactivated. Such genes will include those encoding type II growth factor receptor Subunits belonging to receptors which are members of the family of Serine-threonine kinase receptors which bind to the family of ligands sharing Structural homology to TGFB. Such genes will also include those growth regulatory genes which share with RII the property of having in their coding region repetitive DNA sequence motifs. Prognostic ASSay Detection of RII inactivation is particularly valuable for predicting a patient's chance of cure or relapse after Surgery, radiation, or chemotherapy for colon cancer or other can cers. Colon and gastric cancers with inactivation of the RII hormone receptor constitute a unique genetic Subset of colon and gastric cancers which share a Specific defect in growth regulation. ASSays which identify tumors as having inacti Vated RII will have prognostic value in predicting the likelihood of the tumors being cured by Surgery, by chemotherapy, or by radiation. (This situation is analogous to the situation in breast cancer in which a Subset of cancers have loSS of the estrogen receptors, this Subset having a unique biology leading to lower likelihood of cure by Surgery and lack of response to hormonal drugs).
Loss of RII will have prognostic value as shown by our observation that most colon cancers testing positive on the RER molecular assay for unstable DNA also show inacti Vation of RII. It has already been Suggested elsewhere that RER+ colon cancers are more likely to be cured by Surgery than are non-RER colon cancers (Thibodeau, et al., Science, 206:816 (1993); Lothe, et al., Cancer Res., 52.5849 (1993) ).
ASSays for RII inactivation are easier than the RER assay, and are at least as predictive of tumor outcome.
Any of the inactivating RII mutations discovered in human cancers may be used for the purpose of designing tests for cancer diagnosis and/or prognosis, or for designing cancer therapy. We have established the general principle that human cancers bear RII mutations and that these mutations can be exploited (as outlined above) for use in cancer detection, prognostication, and for design of cancer therapeutic agents targeted at the RII molecule.
This invention also provides specific RNase protection assays for detection of expression or loss of expression of RII and RI (the type I receptor) for cancer diagnosis, cancer detection, or cancer prognosis, or for use in research labo ratories. Specific details of an RNase protection assay for detecting inactivation of RII are detailed above and in the Examples below. RNA probes based on the sequences disclosed above may be used in RNase protection assays for detecting inactivation of the other Signalling components in the TGFB growth control pathway, such as RI (the type I TGFB receptor). These RNase protection assays lend them Selves to Straightforward incorporation into commercial test kits for use in detecting inactivation of any of these com ponents of the TGFB pathway. This invention contemplates use of these assays for cancer detection, diagnosis, prognosis and research.
This invention also provides Specific genomic PCR assays for detection of the presence of mutant RII for cancer diagnosis, cancer detection, or cancer prognosis, or for use in research laboratories. Specific details of an RII genomic PCR assays for detecting inactivation of RII are detailed above and in the Examples below. Primers based on the Sequences disclosed above may be used in genomic PCR assays for detecting inactivation of the other Signalling components in the TGFB growth control pathway, such as RI (the type I TGFB receptor). These genomic PCR assays lend themselves to Straightforward incorporation into commer cial test kits for use in detecting inactivation of any of these components of the TGFB pathway. This invention contem plates use of these assays for cancer detection, diagnosis, prognosis and research. Therapeutic Intervention by RII Replacement RII gene therapy is contemplated for cancer treatment, including genetic manipulations for introducing a normal RII gene into a cancer cell. Any tumor in which mutation of a receptor for a member of the family of TGFB-like factors results in unresponsiveness to the respective factor is a candidate for gene therapy to provide the tumor cells with functional receptors, thereby reestablishing control of cel lular proliferation. A preferred candidate, TGFB type H receptor (RII) is a colon cancer Suppressor gene which is inactivated in perhaps 25% of colon cancers, and gene therapy to restore functional RII expression in these colon cancers will benefit cancer patients. One important theoreti cal advantage of RII gene therapy is that it would not be expected to be toxic to normal cells which already express RII. RII (see, e.g., Axel, et al., U.S. Pat. No. 4, 399.216, and Pastan, et al., U.S. Pat. No. 5, 166, 059, both incorporated herein by reference). Delivery Systems as contemplated herein include both viral and liposomal delivery Systems (see, e.g., Davis, et al., U.S. Pat. No. 4, 920, 209 , incorporated herein by reference). An RII gene expression vector has been developed, and we have shown it can knock out the ability of a breast cancer cell line to form tumors in mice (See, Sun, et al., 1994) . Similar experiments have demonstrated that transfection with an RII gene expression vector can knock out the tumor forming ability of a colon cancer cell line. Specifically, using gene transfer techniques to restore wild type RII expression in the HCT116 colon cancer cell line abolished the ability of these colon cancer cells to form tumors in mice.
We have demonstrated that, in colon cells with intact TGFB receptors, exposure to TGFB will induce cell death (apotosis). Thus, therapeutic effects of restoring an active RII in colon cancer cells will include restoring normal cell death pathways. RII gene therapy is thus useful in combi nation with and to Sensitize cells to conventional cytotoxic radiation or chemotherapy.
Another therapeutic use of the RII mutations described herein is their use as targets for tumor immunotherapy. The RII mutants Sequences encode tumor specific antigens which may be displayed on the cell Surface as mutant receptors or as peptides associated with HLA antigens. AS Such, they can be employed as targets for tumor immunotherapy. Such approaches include targeting these mutants with Specific monoclonal antibodies (either naked or conjugated to tumoricidal agents) or with specific activated cytotoxic immune cells. Such antibodies or immune cells may be generated as reagents outside the body, or may be generated inside the body by vaccines which target these mutations. Immunogenic compositions according to this invention for use in active immunotherapy include recombinant mutant RII protein prepared as described above and expression vectors (particularly recombinant Viral vectors) which express mutant RII protein. Such expression vectors can be prepared as described in Baschang, et al., U.S. Pat. No. 4, 446, 128, incorporated herein by reference, or Axel, et al., Pastan, et al., or Davis, et al., using Tumors suitable for this treatment may be identified using assay procedures described herein, first to confirm lack of functional RII, and also to confirm presence of wild-type RII gene in the genome. Identification of hypermethylation in DNA of tumors is also an indicator for this therapy. DNA methylation in tumors can be recognized by gene probes (e.g., cDNAs) which show altered Southern blotting by methylation-sensitive DNA restriction enzymes relative to normal tissue from the same individual (see, e.g. Issa, et al. (1994) Nature Genetics, 7:536-540, and Gonzalez-Zulueta, et al., (1995) Cancer Research, 55:4531-4535 , incorporated here by reference).
Suitable drugs are compounds that inhibit DNA methyltransferase, which may be confirmed by the proce dures taught in Fergusson, et al. (1995 ) Cancer Research, 55:2279 -2283 , incorporated herein by reference. Preferably the drugs will exhibit inhibition comparable to that of 5-AZacytidine, more preferred drugs will have fewer side effects and/or improved pharmacology, including rapid uptake, oral route of administration, and/or longer Serum half-lives.
EXAMPLES
In order to facilitate a more complete understanding of the invention, a number of Examples are provided below. However, the Scope of the invention is not limited to specific embodiments disclosed in these Examples, which are for purposes of illustration only.
Example 1 Disappearance of RII in RER+ Cell Lines.
Expression of RI and RII transcripts was examined in 38 human colon tumor cell lines using a ribonuclease (RNase) protection assay as described above (See also Sun, et al., 1994) . Total RNA (40 ug) from each sample was hybridized The RER status of these lines was determined as described in Liu, B., et al., 1995, Nature Genet., 9:48 . RER+ colon cancers studied were: RKO, HCT116, C, VACO432, VACO444, VACO457, VACO481, VACO5, VACO6, VACO670, and VACO703. (Eshleman, J., et al., 1995, Oncogene, 10:33; Liu, B., et al., 1995, Nature Genet., 9:48) Nine of the 11 RER", but only 3 of the 27 RER lines, showed reduced RII expression (FIG. 1B) . This correlation was highly significant (P<0.001 by chi-squared test). South ern (DNA) blot analysis indicated that loss of the RII transcript in the RER" cells was unlikely to be due to deletions or rearrangements of the RII gene.
Example 2 Disappearance of RII in RER+ Tumor Xenografts.
To show that RII inactivation in the RER" cells was not Simply a trait Selected for during cell culture, RII expression was examined in tumor Xenografts that had been derived from 30 human colon cancers by implantation into athymic mice. Human colon cancer tissue (5 mm), obtained at Surgical resection, was Subcutaneously implanted into the forelimbs of athymic mice. Xenografts were removed when they were 1000 mm in size. RII transcripts were absent in 100% (3 of 3) of RER" Xenografts (FIG. 2, Xenografts 1-3 ), but were present at high levels in 93% (25 of 27) of RER xenografts (FIG. 2,  xenografts 4-7) . Moreover, absence of RII transcript in the three RER" xenografts was the same result observed previ ously in the three RER" immortalized cell lines established from the same tumors. LOSS of RII transcript was thus not an artifact of cell culture of the cell lines.
Example 3 Absence of TGFB Binding Activity.
To assay for expression of cell Surface TGFB receptors, we performed cross-linking experiments with 'I-labeled TGFB. Cell Surface TGFB receptors were labeled by cross linking to I-labeled human TGFB as described in Sun, L., et al., 1994 (J. Biol. Chem., 269:26449) . Labeled receptors were resolved by SDS-polyacrylamide gel electrophoresis and Visualized by autoradiography. There was no detectable 'I-TGFB binding to any of eight tested RER" cell lines with reduced amounts of RII transcript (FIG. 3) . The absence of RI surface receptors in these lines (FIG. 3) is consistent with previous reports that RII receptor is required for TGFB binding to RI (Wrana, J., et al., 1992 , Cell, 71:1003 Sun, L., et al., 1994, J. Biol. Chem., 269:26449) . A third TGFB receptor (RI) is expressed in most RER" and RER cell lines (FIG. 3) , but is likely without functional consequence, as it is thought to function only in the presen tation of ligand to RI and RII (López-Casillas, et al., 1993, Cell, 73:1435) .
Example 4 Inactivating Mutations of RII.
The RI and RII cell Surface receptors were also undetect able in VACO481 cells, one of the two RER" cases with normal amounts of RI and RII transcripts. Although muta tions in RII abolish TGFB binding to both RI and RII, 25 mutations in RI apparently do not affect TGFB binding to RII (Wrana, J., et al., 1992 , Cell, 71:1003 Boyd, et al., 1989 , J. Biol. Chem., 264:2272 , Laiho, et al., 1991 Laiho, et al., 1990, ibid., 265:18518) . The absence from VACO481 cells of both RI and RII cell Surface receptors would thus be most easily explained by an RII mutation.
The presence of an RII mutation was initially Suggested by the results of an in Vitro transcription-translation assay. The mutation was confirmed by Sequence analysis of com plete VACO481 RII cDNA. RII was cloned from comple mentary DNA (cDNA) using the polymerase chain reaction (RT-PCR). The PCR product was ligated into the pCRII cloning vector (Invitrogen), and the DNA sequences of pooled or individual RII clones determined. The wild-type RII Sequence we used as a reference is that updated as GenBank accession iM85079.
Sequence analysis of VACO481 RII cDNA revealed a GT insertion into a 6 base pair (bp) GTGTGT repeat at nucle otides 1931 to 1936 (FIG. 4) , and the absence of any normal Sequence. The resulting frameshift is predicted to Substitute a highly basic, 29-amino-acid COOH-terminus for the slightly acidic 33-amino-acid wild-type COOH-terminus. The predicted COOH-terminal sequence of the VACO481 RII mutant, beginning with Val 534 is: ValTrpGlnASnAla SerValSerTrpSerleTrpThrClySerArgGlyGly AlaAlaArgArg ArgArgPheleul ySThrAlaPro (SEQ ID NO. 7). Sequence changes (which we presume to be polymorphisms because they were present in both the VACO481 tumor and the matched normal tissue) included a C to T change at nucle otide 1651, (converting Ala 439 to Val), and an A to C change at nucleotide 2040 in the 3' untranslated region. Conceivably, this mutation could alter RII conformation, stability, and/or ability to interact with other proteins required for receptor function. The same RII frameshift mutation was also detected in the primary colon tumor from which the VACO481 cell line was established, but not in normal colon tissue from the same patient, indicating the mutation was Somatic.
Frameshift mutations located in 5' regions of mRNA transcripts have been associated with decreased message Stability. To Search for this type of mutation, we sequenced the 5' portion of the RII cDNA from seven additional RER+cell lines in which RII transcripts, though markedly reduced, could be recovered by RT-PCR. In each of these cell lines an RII frameshift mutation was found. These mutations were all located within a Sequence often repeat ing adenines (nucleotides 709 to 718) which was found shortened by either one base (five cell lines) or two bases (two cell lines) (FIG. 4) . RII mutations, detected in three of the cell lines, were also detected in the antecedent patients colon tumors or in primary Xenografts of these tumors. In two cases the mutations were additionally established to be absent in these patients' normal tissues. Compared to wild type RII (567 amino-acids), the one and two base pair deletions within the poly-adenine tract are predicted to encode inactive truncated receptors of 161 amino-acids and 129 amino-acids, respectively. RII inactivation was thus demonstrated in ten of eleven RER" cell lines studied by finding RII gene mutations and/or absent cell Surface RII, accompanied, in most cases, by low levels of RII transcript. Another RII mutation is a point mutation of G to A at nucleotide 1899 of the Genbank sequence for RII, resulting in substitution of ASn for Asp 522, which occurs in VACO8, a non-RER colon cancer cell line of mutator phenotype with inactive RII. Nicolaides, N., et al., 1994, Nature, 371:75) . The type II TGFB receptor is thus a target for inactivation in each of the currently identified subsets of RER+colon cancer.
Example 6 Detection in Colon Cancer of RII Mutation By a Genomic PCR Assay.
The TGFB type H receptor (RII) was found to be mutated within a polyadenine tract in 100 of 111 colorectal cancers with microSatellite instability. In most cases, the polyad enine tract mutations affected both alleles of RII. To detect RII mutations in RER+tumor types, a PCR-based assay was developed for the mutational hotspot comprising the RII polyadenine repeat at nucleotides 709-718. PCR amplifica tion from genomic DNA of a 73 bp Sequence encompassing this repeat is followed by polyacrylamide gel electrophore Sis. A shift of one or more basepairs in the size of the amplified fragment is indicative of a frameshift mutation in the mutational hotspot. Specifically, a 73 bp region of the RII gene (nt 665-737) was amplified from 50-200 ng of genomic DNA with approximately 10 ng of P'end-labeled TA10-F1 primer 5'-CTTTATTCTGGAAGATGCTGC-3' (SEQ ID NO.8) and 150 ng of reverse primer TA10-R15'-GAAGAAAGTCTCACCAGG-3' (SEQ ID NO.9) using 30 cycles of 95° C. 30", 55° C. 1 min.., 70° C. 1 min. The PCR products were separated by electrophoresis at 52 C. on a 6%. LongRanger (FMC Bioproducts) polyacrylamide/7M urea gel and Visualized by autoradiography. The Standard in each assay was established by amplifying wild type RII.
Example 7 Detection in Gastric Cancer of RII Mutation. By a Genomic PCR Assay.
Mutation of the transforming growth factor-B (TGFB) receptor type II (RII) gene is characteristic of colon cancers exhibiting microStatellite instability or replication errors (RER+), RII mutations in these RER colon cancers are characteristically frameshift mutations within a 10-basepair polyadenine repeat present in the RII coding region. Using the PCR assay above we have also detected RII frameshift mutations within the nucleotide 709-718 hotspot in 5 of 7 RER gastric cancers (71+17%) (see, e.g. , FIG. 5 We have demonstrated absence of functional RII in a particular human breast cancer cell line, MCF-7, by dem onstrating absence of detectable RII mRNA transcripts, by demonstrating absence of cell Surface RII protein able to bind radio-labeled TGFB, and by demonstrating absence of a TGFB functional response (absence of TGFB induced growth inhibition) (Sun, et al., 1994 , incorporated herein by reference). Using the methods outlined in Sun, et al., this observation has been extended to show that a Substantial Subset of human breast cancers lack functional RII, and that lack of functional RII is particularly characteristic of breast cancers which are positive for presence of the estrogen receptor (ER+). 
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DNA methylation with 5-AZacytidine, an inhibitor of DNA methyltransferase. The cells were cultured under Standard conditions in the presence of 2.5-5.0 uM 5-AZacytidine, and after 8 days RII expression by the treated cells was demon strated by the RNase protection assay described in Example 1. RII protein expression was confirmed by 'I-TGFB croSS-linking as described in Example 3. This confirms that lack of RII expression in these cell lines is due to hyperm ethylation of the DNA and not due to mutation in the RII coding Sequence itself.
For purposes of clarity of understanding, the foregoing invention has been described in some detail by way of illustration and example in conjunction with Specific embodiments, although other aspects, advantages and modi fications will be apparent to those skilled in the art to which the invention pertains. In particular, modifications of the Strategies outlined above for cancer detection, diagnosis, prognosis, and treatment of tumors with absent (inactive) RII as required by the specific mode of RII inactivation in these tumors will be apparent to those skilled in the art. The foregoing description and examples are intended to illustrate, but not limit the scope of the invention. Modifi cations of the above-described modes for carrying out the invention that are apparent to perSons of skill in medicine, immunology, hybridoma technology, pharmacology, and/or related fields are intended to be within the scope of the invention, which is limited only by the appended claims.
All publications and patent applications mentioned in this Specification are indicative of the level of skill of those skilled in the art to which this invention pertains. All publications and patent applications are herein incorporated by reference to the same extent as if each individual publi cation or patent application was specifically and individually indicated to be incorporated by reference. 
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